The hierarchy of the Yukawa couplings is an outstanding problem of the standard model. We present a class of models in which the first and second generation fermions are SUSY partners of pseudo-Nambu-Goldstone bosons that parameterize a non-compact Kähler manifold, explaining the small values of these fermion masses relative to those of the third generation. We also provide an example of such a model. We find that various regions of the parameter space in this scenario can give the correct dark matter abundance, and that nearly all of these regions evade other phenomenological constraints. We show that for mg ∼ 700 GeV, model points from these regions can be easily distinguished from other mSUGRA points at the LHC with only 7 fb −1 of integrated luminosity at 14 TeV. The most striking signatures are a dearth of b-and τ -jets, a great number of multi-lepton events, and either an "inverted" slepton mass hierarchy, narrowed slepton mass hierarchy, or characteristic small-µ spectrum.
Introduction
One of the fundamental problems in particle physics is to explain the hierarchy in the Yukawa couplings of the quarks and leptons. This is a long-standing problem, and in fact many models have been proposed to account for the smallness of the Yukawa couplings of the first and second generations relative to those of the third. In supersymmetric (SUSY) theories, there arises an intriguing possibility that the quarks and leptons are nothing but SUSY partners of Nambu-Goldstone (NG) bosons [1, 2] , where the Yukawa couplings are forbidden by the celebrated low-energy theorem [3] . Thus, the small Yukawa couplings for the first and second generations are regarded as small breakings of postulated symmetries.
If that is indeed the case, then squarks and sleptons in the first and second generations are approximately massless at some cut-off scale Λ of the theory and they acquire masses from radiative corrections. If the corrections are dominated by the standard model gauge interactions, then they each have nearly flavor-independent masses, solving the SUSY flavorchanging neutral current problem. This hypothesis predicts a remarkable spectrum for SUSY particles at the electroweak scale. The purpose of this paper is to examine the low-energy implications of the Nambu-Goldstone hypothesis.
It is very important to note here that if the Kähler manifold parameterized by the NG bosons is a compact manifold such as CP n , the symmetry is explicitly broken by a constant term O(m 3/2 ) in the superpotential [4] 1 . As a consequence of the explicit breaking, the NG bosons have masses of O(m 3/2 ), and it will be not easy to test the NG hypothesis at the LHC. Thus, we consider in this paper some non-compact complex manifold (non-linear sigma model) accommodating squarks and sleptons in the first and second generations as massless NG bosons. (The results in this paper do not depend on the explicit model for the non-compact complex manifold. We show it for the existence proof of a model.) We treat quark and lepton chiral multiplets in the third generation and Higgs chiral multiplets as fundamental fields and hence their scalar bosons have soft SUSY-breaking masses of order of the gravitino mass, m 3/2 , at the cut-off scale Λ 2 .
1 It is very interesting that two light generations in an SO(10) GUT are naturally accommodated in E 7 /SO(10) × U (1) 2 . It has been shown that if one eliminates the U (1) 2 in the unbroken subgroup one can couple the non-linear sigma model to supergravity without any explicit breaking of the E 7 [7] . We will discuss the E 7 model in a separate paper. 2 The boundary condition of SUSY-breaking masses in the present paper may be also realized in a brane 2 An example of a non-compact manifold for the first and second generations
In defining a supersymmetric non-linear sigma model, it is not sufficient to specify a symmetry breaking G → H. While this determines the number of Nambu-Goldstone (NG) bosons, the number of NG chiral multiplets is not uniquely determined [5, 6] . Consider the simple example of the SU (2)/U (1) non-linear sigma model. This manifold is parameterized by two massless NG bosons, x 1 and x 2 . We may introduce two chiral multiplets, φ 1 and φ 2 , each of which contains one NG boson and one additional real, massless scalar. This realization is referred to as "doubled." In this scenario, there are two charge eigenstates,
which form a real representation of the unbroken subgroup. This is a general and unacceptable feature of the doubled realization because the standard model is chiral.
In the fully non-doubled or "pure" realization, the two true NG bosons lie in a single NG chiral multiplet, φ + . In this case, the φ − is absent and the NG chiral multiplet φ + is a complex representation of the unbroken U (1) subgroup. The resultant manifold is nothing but CP 1 . Unfortunately, it became known that the pure realization cannot be coupled to supergravity [4] . However, it has been recently pointed out that a hybrid realization with some doubled and some non-doubled NG multiplets does not suffer from this inconsistency [7] .
We will therefore search for a hybrid non-linear sigma model that contains two generations of quarks and leptons as NG chiral multiplets.
Let us first consider a non-compact complex manifold that accommodates one generation of left-handed quark and lepton multiplets. In particular, take a SUSY U (6)/[U (4) × SU (2)] non-linear sigma model which consists of (4 × 2 + 1) NG chiral multiplets, φ a i and ϕ, where a = 1, . . . , 4 and i = 1, 2. The former superfield contains the left-handed quarks and leptons,
world. That is, one assumes that quark and lepton multiplets in the first and second generation are confined on one brane separated from the other brane on which the third-generation quark and lepton, Higgs and hidden-sector multiplets reside. The gauge multiplets are in the bulk. This model may generate a partially realized Higgs-exempt [8] no-scale type supergravity model [9] where squarks and sleptons in the first and second generation have very small SUSY-breaking masses, while those in the third generation have masses of order the gravitino mass m 3/2 .
where ξ = 1, 2, 3 is the color index. The latter is a non-standard-model field known as the "novino" [2] . All the bosons in φ a i and one real boson in ϕ are NG-boson coordinates of the U (6)/[U (4) × SU (2)] manifold. The other extra real boson in the novino superfield, ϕ, is necessary to construct the SUSY U (6)/[U (4) × SU (2)] non-linear sigma model [5] . Then, we have a complex manifold which consists of all 18 bosons.
We arrange these into a matrix,
which has 12 components Ψ α i , α = 1, . . . , 6. The general form of the Kähler potential of the SUSY U (6)/[U (4) × SU (2)] non-linear sigma model is then given by [10] 
where the dimension-one constant v is determined, together with the constant κ, by normalization conditions for the NG chiral multiplets as
The parameter v corresponds to the energy scale of the U (6) breaking. Here, notice that the function F (x) is an arbitrary function satisfying (5) and (6) . This freedom originates from the presence of one extra (non-NG) boson in the novino superfield, ϕ [2, 6] .
The above Kähler potential is invariant under the U (6) global × SU (2) local symmetry
where g is a parameter of the global U (6) transformation and h(x, θ) is a chiral superfield parameter of the hidden local SU (2) transformation. The form in (4) is maintained by using the local SU (2) transformation. Thus, the global U (6) symmetry is non-linearly realized by the NG chiral multiplets, φ a i and ϕ. Let us now couple the above model to supergravity. The interaction is given by
Here, E is the supervierbein determinant. It should be stressed here that the supergravity Lagrangian is completely invariant under the global U (6) symmetry.
It is straightforward to introduce the hidden sector responsible for the SUSY breaking.
For simplicity, we introduce a single singlet field, Z, for this purpose. Then, the total Kähler potential is
The introduction of this SUSY-breaking sector preserves the global U (6) symmetry and, therefore, leaves our NG bosons massless. However, there is a real scalar in ϕ that is not a NG boson, and it acquires a soft mass of O(m 3/2 ). This fact is shown by an explicit calculation [11] .
So far, only the left-handed quarks and leptons have been introduced in our non-linear sigma model. It is straightforward to accommodate the right-handed quarks and leptons in
where the φ 
(φ
Gauging suitable subgroups properly we obtain the supersymmetric standard model (SSM) with three generations, where the first two generations are Nambu-Goldstone bosons in the coset space and the third generation is fundamental. After SUSY breaking, according to the The induced masses are logarithmically divergent and hence we need counter terms in the Kähler potential. In principle, we cannot determine the counter terms, but we expect those terms to vanish at some cut-off scale Λ where the present non-linear sigma model is realized.
In the present paper, we simply assume the GUT scale However, this model does likely suffer from a gravitino problem [13] since m 3/2 is of O(1 TeV). The problem of late-decaying, non-LSP gravitinos can be solved through a dilution process with a sufficiently low reheating temperature [14] , but such a discussion is beyond the scope of this paper. Similarly, although the novino may have interesting phenomenology because its mass is of O(m 3/2 ), making numerical predictions would require an explicit model which we do not provide here.
The results that follow do not rely on any particular model. We assume that non-MSSM fields, including those of the GUT and the novino, are efficiently decoupled. Our results then follow from a set of SUSY-breaking parameters specified at the cut-off scale which are generic to the NG hypothesis on non-compact manifolds.
3 Low-energy spectrum for SUSY particles
Consistent with the NG hypothesis on non-compact manifolds, we consider the subspace of mSUGRA [15] models with the SUSY-breaking parameters
while setting m 0 = 0 for the first and second generation of scalars and m 0 = 1 TeV for the third generation scalars. Using the SOFTSUSY SUSY spectrum calculator (version 3.0.7) [16] and the DarkSUSY suite (version 5.0.5) [17, 18, 19, 20] we scan the (
to find the region which gives the correct dark matter relic density while also evading other phenomenological constraints. We set the top mass to m t = 175 GeV and let SOFTSUSY solve for the GUT scale, which is always 2 × 10
16
GeV. Results for the most relevant bounds are shown in Figure 1 . The colored regions are as follows:
• red: 3σ-allowed dark matter relic density given by the seven-year WMAP data [21] .
• gray: Charged LSP.
• magenta: Excluded by DarkSUSY limits on b → sγ.
• yellow: Excluded by DarkSUSY Higgs mass bounds.
• blue: Excluded by 90% limit on spin-independent WIMP-nucleon cross sections in direct detection experiments [22] .
• green: Excluded by 90% limit on spin-dependent WIMP-nucleon cross-sections in direct detection experiments [22] . For any given bin the more stringent limit among the proton or neutron cross-sections is chosen.
The allowed parameter space in Figure 1 shows some interesting properties. First, signifi- 1100 GeV is a small-µ region where annihilation throughh contributes to the correct abundance for a relatively light neutralino [23] . Due to the large higgsino component inχ Altogether, these properties show that for the choices tan β = 10, µ > 0 and A 0 = 0, the NG hypothesis meets the relevant SUSY phenomenological requirements rather generically: several different regions of (M Hu , M H d ) at the correct mass scale can give the required relic density, and only a small portion of these regions is subject to other phenomenological constraints. This is consistent with previous work which found that SUSY phenomenological requirements can be satisfied by mSUGRA with a sufficiently heavy third generation, albeit with equal M Hu and M H d [26] .
We now consider how this scenario can be distinguished from conventional mSUGRA by examining the spectra of the benchmark points, whose (M Hu , M H d ) are shown in Table 1 . Table 1 : Higgs soft masses for benchmark points, in GeV. . However, the expected hierarchy of sleptons is "inverted," i.e.ν e,µ andẽ L are lighter thanl R . This is due to the S term in the running of the scalar masses (see, for example, Ref. [27] ),
where
In (16), the rightmost trace is zero for our case since m 0 is universal across all the scalars in a given generation, so In the next section, we discuss how these points can be identified at a collider, and use simulated events to demonstrate that this can be done early in 14 TeV running at the LHC.
2 ,ν τ L Figure 5 : Spectrum for benchmark point 2 (BP 2), in GeV. Figure 6 : Spectrum for benchmark point 3 (BP 3), in GeV. 
LHC physics 4.1 Discrimination at the LHC
We now consider the distinguishing characteristics of NG hypothesis model points and their prospects for detection at the LHC.
Under the NG hypothesis, m 3 (i.e., m 0 for the third generation) is of a much higher order than m 0 for the first and second generations. Therefore, the third generation scalars are significantly heavier than the squarks of the first and second generations. On the other hand, the relationship between m 1/2 and m 3 is not established by the model. While we have chosen m 3 = 1 TeV, the value could be much smaller, so the mass ordering betweeng and the third generation scalars is not fixed. Consequently, the multiplicity of b-jets from gluino production is sensitive to the value of m 3 .
To study the effect of this uncertainty, in Table 4 Turning to leptons, becauseχ 0 2 →τ τ is closed, there will be many more events with the number of leptons n l ≥ 2 than for conventional mSUGRA points. In the bridge branch, For greater precision, the effects of the S-term on the slepton mass hierarchy should be visible at the LHC. At BP 1 and BP 2, the left squarks will decay mostly to q Lχ 0 2 and q Lχ ± 1 because these gauginos are mostly wino, and these in turn will decay mostly into left sleptons.
The right squarks will decay mostly to q Rχ 0 1 becauseχ 0 1 is mostly bino, so no leptons will be produced. Thus, at these points we expect the leptons produced in the squark decay chaiñ
sincel L is too heavy -most of these leptons will be right-handed.
Because the chirality of the lepton is fixed by the interaction vertex, the direction of the lepton in the rest frame of the squark is correlated with the quark and lepton chirality.
Namely, for the final states q L l L (q R l R , q LlR , q RlL ) the jet and lepton tend to go to in opposite directions while for the q L l R (q R l L , q LlL , q RlR ) final state they tend go in the same direction. Since the LHC is a p-p collider, moreq is produced thanq * , so there will be a charge asymmetry in the distribution of the jet-lepton invariant mass. The lepton from the slepton decay is not correlated since the slepton is scalar. Then, for BP 1 and BP 2 , there will be a large charge asymmetry since most of theχ Lastly, at all the benchmark points the heavy states in the Higgs sector will not be produced in sufficient quantities to be identified because their mass is too high. However, if tan β > 15, a heavy Higgs of O(500 GeV) may be observed at a CP-like model point [29] .
Simulation and reconstruction
To demonstrate this phenomenology at the LHC, for each of the model points we generated 10 5 signal events at 14 TeV for inclusive squark production using the ISAJET (version 7.72) spectrum calculator [30] , HERWIG (version 6.5) shower generator [31] and AcerDET (version 1.0) [32] fast detector simulation. (MSSM input parameters were tuned slightly such that
ISAJET would produce the same spectrum as SOFTSUSY.) The inclusive production cross section is > ∼ 15 pb, so the integrated luminosity required for the following analysis is only 7 fb −1 ; this should be achievable in roughly one month of running [33] .
To grossly distinguish NG hypothesis model points from conventional points we first extract and compare:
• number of b-jets n b with p T > 50 GeV
• number of τ -jets n τ with p T > 20 GeV
• number of leptons n l with p T > 15 GeV and η < 2 .
Here, the b-and τ -jets are the jets labeled as such 3 by AcerDET, with an efficiency of around 80%. However, real tagging efficiencies are probably around 60% and 50% for b-and τ -jets,
respectively [32] . The results are shown in Table 3 , as a percentage of events. As expected, for the benchmark points there are a few b-jets and very few τ -jets from direct production of third generation squarks. BP 3 shows an enhancement in τ -jets from off-shellχ ± 1 decays via the W boson. By contrast, CP has many b-jets from both gluino and third generation squark decays, as well as many τ -jets (and therefore fewer multi-leptons) fromχ 0 2 decays. Turning to the other discriminators, in order to obtain theχ-l mass splittings and charge Table 3 : Percentage of events with the given multiplicities (see text for details).
asymmetry, we must study the gluino and squark decay chains
Henceforth, we define the lepton l This method can determine thel-χ 0 1 andχ 0 2 -l mass splittings rather precisely, which is useful here; extracting the squark mass scale is less critical because it is mostly determined by m 0 .
We use the MINUIT2 fitter in ROOT [36] to find the endpoints, and the inversion formulas in Ref. [35] to find the mass differences and squark mass.
For each model point we identify events with n l ≥ 2, n j ≥ 2 where the two highest p T leptons are same-flavor/opposite-sign (SFOS). To subtract the chargino contribution to SFOS, we also identify n l = 2 events with different-flavor/opposite-sign (DFOS) and subtract these counts from the SFOS invariant mass distributions before fitting. In a given event, we choose the jet among the two highest p T jets that gives the smallest m jll . This identifies the jet from squark decay on the correct branch. , so this endpoint shape does not provide a good fit. In this case, the m jl(hi) distribution is much closer in shape to a ramp function near the end point, and it has a discontinuity at m jl(hi) ∼ m max jl(lo) . We call this discontinuity a "secondary edge." We try both the smeared ramp and a smeared vertical edge to fit this endpoint.
In our fits the smearing width is left as a free parameter to match the broadening of the endpoint due to energy uncertainty and other effects included in the simulation which reduce the number of events near the endpoint; this is most apparent in the m max jl(hi) fits. In addition, for BP 3, there are significant tails in the m jl(hi) and m jll distributions due to the decays ofχ 0 4 andχ ± 2 . In these fits the fitting function is a smeared ramp added to a sloping line in piecewise fashion. Moreover, in these functions we set the maximum smearing width to 5 GeV and over a limited mass range to avoid over-fitting to the curves of the edges which are resolvable due to the large statistics. Here, we show the correct solutions in −0.01 ± 0.01 0.04 ± 0.01 CP 0.04 ± 0.04 −0.14 ± 0.06 Table 5 : Lepton charge asymmetries for each model point.
off-shell decays in the squark decay chains, which would manifest in flat mass distributions.
This eliminates Region 4 of m max jll , in the terminology of Ref. [35] . Next, among the Region 1 solutions we choose the one with the plausible squark mass that would give the observed production cross-section. If this is ambiguous, looking at the m jl(hi) mass distribution, if there is a secondary edge then the lepton at the fit edge is the far lepton, and so thel-χ 0 1 splitting is larger than theχ 0 2 -l splitting; conversely, if there is no secondary edge, the fit lepton is the near lepton, and theχ 0 2 -l splitting is the larger one. Finally, to calculate the charge asymmetry, we create m jl ± distributions separately for both of leptons, where j is the same jet as from m jll . This gives us four distributions m jl ± (sof t) and m jl ± (hard) where the former distribution is for the lepton with the lower p T of the two, and the latter is for the lepton with the greater p T (these are also shown in the Appendix).
Then, we integrate each of the distributions,
where ( This gives us four quantities N sof t (l ± ) and N hard (l ± ). Finally, we define the charge
The soft and hard lepton charge asymmetries, A c,sof t and A c,hard , are shown for each of the model points in Table 5 . We see that |A c,sof t | < |A c,hard |, since more of the soft leptons are from slepton decay.
Model point identification
Using the results from the reconstruction procedures above, we describe how to identify the different model points from the data. We will assume universal gaugino soft masses at high scale, such that M 3 : M 2 : M 1 ≈ 6 : 2 : 1 at low scale [27] .
BP 1
The single edge of the m jl(hi) distribution suggests that this is from the near lepton. The largẽ Combined with the largel-χ 0 1 mass splitting and positive charge asymmetry, we infer that this edge is for thel L and that there is an unresolvedl R close toχ 0 1 , giving the correct dark matter relic abundance. The smaller charge asymmetry than for BP 1 is consistent with the far lepton being more likely to be the hard lepton, contributing roughly 50% below 350 GeV in the m jl(hi) distribution. Thus, in this case, a lower branch point in the NG hypothesis is a plausible candidate.
BP 3
The additional edges in the m ll distribution due to the higher neutralinos and the small χ 0 2 -χ 0 1 mass splitting suggest a small-µ point. These edges can be reconstructed to obtain the masses of these heavy neutralinos [28] . Combining the inferred branching ratios, we can determine that right squark decays contribute more strongly to the the charge asymmetry.
Since the asymmetry is positive, this suggests that the reconstructed slepton isl R ; we can reconstructl L andν L at some specific higher mass. A bridge branch point is consistent with all these features, as well as with the enhancement in the number of multi-lepton events over BP 1 and BP 2.
CP
Unlike the three scenarios above, here we observe a typical number of b-and τ -jets along with few multi-lepton events. Since theχ 0 2 -χ 0 1 splitting is large, this is not a small-µ point, so most of the multi-lepton events are from left squark decays. Combined with the negative charge asymmetry, we infer that the slepton for this edge isl R . We also see that the lepton is near, so it is theχ 0 2 -l R splitting which is large. Then,l L has some mass greater than that ofχ 0 2 , otherwise the charge asymmetry would be washed out or positive. This is likely a typical mSUGRA point.
In summary, the benchmark points of the NG hypothesis from different regions in the (M Hu , M H d ) plane can be readily identified in early 14 TeV running at the LHC, and are easily distinguished from typical mSUGRA points.
Conclusions and outlook
The hierarchy of the Yukawa couplings in the standard model remains an open question. We have presented a class of models wherein the first and second generation fermions are SUSY partners of Nambu-Goldstone bosons which parameterize a non-compact Kähler manifold, such that the first and second generation Yukawa couplings are forbidden by the low-energy theorem. Then we gave an (incomplete) example to show that such a model can be constructed.
Next, we found that many different model points in this scenario can give the correct dark matter abundance while easily evading phenomenological bounds, and examined the spectra of benchmark points in different regions of the allowed parameter space. Finally, we argued that these points can be distinguished from conventional mSUGRA points at the LHC, and demonstrated this assuming only 7 fb −1 of integrated luminosity at 14 TeV, with mg ∼ 700 GeV.
Nonetheless, improvements can be made. First, explicit models should be constructed, and the consequences of their gravitino and novino fields investigated. Also, the running of the soft masses between the SUSY-breaking and GUT scales should be verified to be small.
Second, a more expansive simulation (including backgrounds) should be done with higher integrated luminosity to improve the quality of the endpoint fits and increase the significance of the charge asymmetries. Third, observability at LHC should be verified across the entire 
A Model point data
In this section we give miscellaneous data on the model points:
• Complete listing of masses of new particles (for all model points)
• Plots of invariant mass distributions, with edge fits
• Expected and fit endpoints (as well as secondary endpoints)
• All mass solutions
• Notable branching ratios Note: All mass units are in GeV.
A. Correct solution is in bold.
A.2.4 Notable branching ratios
Parent Daughters Branching ratiõ A. 28.7 ± 1.0 32.1 ± 0.6 437 ± 24 558 ± 50 (4,1) Imaginary (4, 2) 38.1 ± 2.2 30.1 ± 0.6 404 ± 6 480 ± 7 (4,3)
30.6 ± 1.0 31.5 ± 0.6 411 ± 5 506 ± 10
Correct solution is in bold. 
